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Craniiform Brachiopod Crania anomala
Gary Freeman
Kristineberg Marine Research Station, Fiskebackskil, Sweden, and Section of Integrative
Biology, University of Texas, Austin, Texas 78712
A fate map has been constructed for the embryo of Crania. The animal half of the egg forms the ectodermal epithelium of
the larva’s apical lobe. The vegetal half of the egg forms endoderm, mesoderm, and the ectoderm of the mantle lobe. The
vegetal pole is the site of gastrulation; this site becomes the posterior ventral region of the mantle lobe of the larva. The
plane of the first cleavage goes through the animal–vegetal axis of the egg; it bears no relationship to the future plane of
bilateral symmetry of the larva. The timing of regional specification was examined by isolating animal, vegetal, or
meridional halves from oocytes, eggs, or embryos from prior to germinal vesicle breakdown through gastrulation. Animal
halves isolated from oocytes formed either the epithelium of the apical lobe or a larva with all three germ layers. Animal
halves isolated from unfertilized eggs and eight-cell embryos formed only apical lobe epithelium. Beginning at the blastula
stage, animal halves formed mantle in addition to apical lobe epithelium. In animal halves isolated after gastrulation, the
mantle lobe was always truncated. Vegetal halves isolated at all stages prior to gastrulation gastrulated and formed apical
and mantle lobes with endoderm and mesoderm; however, the relative size of the apical lobe that formed decreased
substantially when vegetal halves were isolated at later developmental stages. When meridional halves were isolated from
unfertilized eggs and two- to four-cell embryos, both halves frequently formed normally proportioned larvae. Beginning at
the blastula stage, a number of pairs frequently had a member that lacked dorsal setae on its mantle lobe while the other
member of the pair formed setae, indicating that the dorsoventral axis had been set up. The process of regional specification
in Crania is compared to those of Discinisca and Glottidia in the brachiopod subphylum Linguliformea and Phoronis in the
phylum Phoronida. © 2000 Academic Press
Key Words: fate maps; regional specification during early development; axes of symmetry; comparative experimental
embryology.INTRODUCTION
A recent cladistic study based on the morphology of
extant and fossil animals has divided the phylum Bra-
chiopoda into three subphyla: Linguliformea, Craniiformea,
and Rhynchonelliformea (Williams et al., 1996). Molecular
phylogenetic studies indicate that the phylum Phoronida
should also be regarded as a brachiopod subphylum (Cohen
et al., 1998). Embryogenesis has been described at a mor-
phological level for species in each subphylum (Williams et
al., 1997; Zimmer, 1991). Experimental studies have estab-
lished when, during development, regional specification
occurs and have defined some of the mechanisms that
contribute to this process in representative linguliform,
phoronidiform, and rhynchonelliform brachiopods (Free-
man, 1991, 1993, 1995, 1999). The timing and mode of
regional specification can be quite different within a sub-
0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.phylum (e.g., Linguliformea) and between subphyla. The
purpose of this study is to extend this kind of analysis to
craniiform brachiopods.
Extant craniiform brachiopods comprise three genera
belonging to one family, the Craniidae. The only genus
whose development has been studied is Crania. This genus
reproduces by shedding its gametes into the seawater.
Embryogenesis generates a motile, nonfeeding larva that
exists for only a short period in the plankton before meta-
morphosing to form a feeding sessile juvenile. Rowell (1960)
has described the development of the young postmetamor-
phic animal. Nielsen (1991) has described the process of
embryogenesis. His report covers a number of topics includ-
ing the genesis of mesoderm and coelom formation; it also
makes the point that the blastopore ends up at the posterior
end of the larva. His report did not contain a fate map;
therefore it was not possible to relate morphological aspects
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220 Gary Freemanof embryogenesis and larval anatomy to the organization of
the egg and early cleavage stages of the embryo. This study
describes some features of normal development that were
not covered or were interpreted in a different way in
Nielsen’s (1991) report. It also provides a fate map of the
larva, presents the results of experiments that establish the
timing of different regional specification events, and defines
some of the mechanisms that are responsible for this
process.
MATERIALS AND METHODS
Biological Materials
Sections of the rock wall containing adult Crania (Neocrania)
anomala (O. F. Muller) were collected by a diver at a depth of about
36 m in the Gullmarsfjord near the Kristineberg Marine Research
Station. Adults on their rock slabs were maintained in aquaria with
running seawater piped from 25 m below the surface. Previous
work on these animals depended on natural spawnings. Adult
animals spawn only during the first 2 days after they are brought
into the lab; therefore a method was devised for starting cultures of
embryos from gametes dissected out of adults. During the last part
of September and the month of October when this work was done,
21% of the animals had regressed gonads. The sex ratio of the
remaining animals with gametes (165) was one to one. Ninety
percent of these animals had usable gametes. Usable animals were
1–2 cm in diameter.
In a ripe female there is a population of eggs 130–135 mm in
iameter. The oocytes are uniformly brown except at one pole that
ppears lighter because of the germinal vesicle. In many females
here is a ring of red pigment on the egg surface over the germinal
esicle. Oocytes have a monolayer of follicle cells around them and
asily fall out of the gonad of ripe females. Ovaries from ripe
emales were macerated in seawater to get a population of large
ocytes. Clumps of ovarian cells were removed from the macerate,
he oocytes were washed three times in seawater and allowed to
tand for several hours at 11–14°C. Oocyte maturation was moni-
ored by taking samples of oocytes from the culture at various
imes, compressing them slightly under a coverslip on a slide, and
ooking for germinal vesicle breakdown. Oocytes were also exam-
ned for the retraction of the follicle cells from the oocyte surface
o form a tight ball at one point on the surface. It can take 6–12 h
or oocyte maturation to take place. Oocytes with a red ring tend to
ature before oocytes that lack a red ring.
A small biopsy was obtained from the testis of a male. This
as examined for mature sperm using a compound microscope.
f a testis had sperm, its contents were sucked into a capillary
ube and stored in the refrigerator; these could be used for
everal days. If sperm from a testis are dispersed in seawater to
orm a faintly turbid solution, they are initially nonmotile, but
ecome motile in 4 –5 h. They retain motility for about 3 h. The
bility of sperm to fertilize matured eggs appears about the time
hey acquire motility.
Matured eggs were fertilized in 3 ml of seawater in Falcon plastic
etri dishes by adding 50 ml of motile sperm suspension to the eggs.
oo much sperm causes polyspermy. About an hour after fertiliza-
ion the eggs were washed several times in artificial seawater
Jamarin U, Osaka, Japan) to dilute out sperm and bacteria. When
he embryos began to develop they were transferred to fresh
w
u
Copyright © 2000 by Academic Press. All rightrtificial seawater in Falcon plastic dishes at 11–14°C. Experimen-
al embryos were reared individually in 2-ml Linbro dishes. Late
tage embryos have a tendency to get caught on the air–water
nterface where they are damaged or destroyed. For many experi-
ents the Linbro dishes were filled to the top and a coverslip was
laced over the top removing the air–water interface. Embryos
eveloped normally under these conditions. If fewer than 90% of
he intact control embryos in a batch developed normally, experi-
ents done on other eggs in the batch were discarded.
Removal of Follicle Cells from Oocytes
Follicle cells were removed from oocytes by washing them twice
(5 min each) and incubating them for at least 30 min in calcium-
free seawater with EGTA (425 mM NaCl, 9.4 mM KCl, 22.1 mM
MgCl2, 25.6 mM MgSO4, 2.1 mM NaHCO3, 5 mM EGTA, 5 mM
TES, pH 7.8). The oocytes were then transferred to seawater and a
sample was examined with a compound microscope for follicle
cells. Follicle cells come off in some cases after 15 min of
incubation and in most cases all oocytes lack follicle cells after 30
min.
Histological Procedures and Histospecific Enzyme
Markers
In addition to light microscope observations on living em-
bryos and larvae, normal and experimental material was sec-
tioned and studied histologically to follow embryogenesis and to
assess the different cell types and regions present in larvae from
embryos that had been experimented on (see Freeman, 1991, for
procedures). To make it easier to recognize various cell types in
larvae, a battery of enzyme histochemistry tests were tried. The
only enzyme marker that was useful was alkaline phosphatase,
which is active only in the larval gut (see Freeman, 1993, for
procedure).
Fate Mapping and Operative Procedures
Many C. anomala females have a red pigment ring at the animal
ole of the egg. The pigment persists through development and
arks the animal pole of the embryo and the anterior region of the
arva. These eggs were especially useful for experiments because
hey contain a natural marker. The vital dye Nile Blue A was used
or fate mapping studies and for marking regions of the embryo
rior to experiments in which unfertilized eggs or embryos were
ut into halves so that the orientation of the cut was known and
he origin of each half could be identified. A Singer micromanipu-
ator was used for bringing a staining needle with Nile Blue A in
gar into contact with an egg or embryo. Since these eggs and
mbryos are surrounded by an envelope, they were stained through
he envelope, which did not take the stain. Nile blue gives a stain
pot that does not diffuse and persists for at least 4 days of
evelopment. If embryos are not overstained they develop nor-
ally.
The operative experiments involved cutting unfertilized eggs
r embryos at different stages of development into defined
alves. These experiments were done by pressing down on the
nfertilized egg or embryo in its envelope with a fine glass
eedle and cutting them in half. Since the separated halves
ould eventually re-fuse, a thin monofilament loop (from POH
nwaxed dental floss) was positioned so that it fit the groove
s of reproduction in any form reserved.
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221Crania Regional Specificationcreated by pressing on the envelope, and the loop was tightened
to seal off the halves in their common envelope. Isolates were
carefully examined 3– 4 h after they were created to make sure
the operative procedure did not have a deleterious effect. From
12 h to 2 days after the operation the halves were separated from
each other. Each half was checked daily to monitor its develop-
mental progress. If there was cell loss the isolate was discarded.
FIG. 1. Sections through oocytes, embryos, and larvae. (A) Latera
the site of the meiotic apparatus. (B–D) Oocytes at different stages
8 and 98 mm in diameter. Note the lamellae around the germinal
of the lamellae around the germinal vesicle and the cortical granul
(F) Section through a 30-h gastrula; the animal pole is up. (G) Secti
endodermal and ectodermal cell layers in F and G. (H) Sagittal sec
(I) Cross section through a 40-h embryo showing isolated mesoderm
coelomic pouch (arrow). The dorsal side is up and the apical lobe is f
larva. Note the solid endodermal strand. (L) Cross section through
sacs (arrows), the thickened dorsal ectodermal domain between the
magnification. The bar indicates 50 mm.Directions for preparing staining needles and for operating on
eggs and embryos are given in Freeman (1993).
Copyright © 2000 by Academic Press. All rightRESULTS
Oogenesis and Oocyte Maturation
Figure 1A shows a section along the animal–vegetal axis
of a full-grown oocyte following germinal vesicle break-
of oocyte after germinal vesicle breakdown; the arrow indicates
owth. (B) Two oocytes 19 and 28 mm in diameter. (C) Two oocytes
les in B and C. (D) Oocyte 129 mm in diameter. Note the absence
der the oocyte surface. (E) Fifteen-hour blastula with a blastocoel.
rpendicular to the axis of gastrulation in a 30-h embryo. Note the
through a 40-h embryo showing isolated mesodermal cell (arrow).
ells (arrows). (J) Sagittal section through a 60-h embryo showing a
ng to the right. (K) Cross section through the apical lobe of a 3.5-day
antle lobe of a 3.5-day larva. The dorsal side is up. Note the setal
l sacs, and the endodermal strand. All photographs are at the samel view
of gr
vesic
es un
on pe
tion
al c
ormi
the mdown; these oocytes are 130 mm (65 mm) in diameter. An
envelope is closely applied to the egg surface and a jelly-like
s of reproduction in any form reserved.
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222 Gary Freemanlayer extends out 10–15 mm beyond the envelope. The
eiotic apparatus is in close proximity to the cell mem-
rane and the oocyte contains large numbers of osmophilic
olk granules. A ripe female contains oocytes at different
tages of development (Figs. 1B–1D). All of these oocytes
ave a relatively large germinal vesicle with a prominent
ucleolus. The smallest oocytes that can be identified with
ertainty at a light microscope level of resolution have a
iameter of 12–14 mm; they lack yolk granules. Yolk
ranules first appear in oocytes with a diameter of 15–18
mm. By the time oocytes have a diameter of 40 mm they are
urrounded by a monolayer of follicle cells, and a layer of
xtracellular material (the jelly layer on the surface of the
atured egg) is beginning to form between the oocyte and
he follicle cells. Cortical granules begin to appear under
he cell membrane when growing oocytes attain a diameter
f 60 mm. Another feature of growing oocytes is the lamel-
lar structures in the cytoplasm that surround the germinal
vesicle; however, by the time the oocyte has completed its
growth these structures have disappeared. The ratios of the
FIG. 2. Log–log graph plotting germinal vesicle diameter against
ipe ovary. In each case the maximal diameter of the germinal vesrelative rates of diameter increase for the oocyte and the
germinal vesicle are constant until the oocyte diameter
q
c
Copyright © 2000 by Academic Press. All righteaches 100 mm. At about this point the germinal vesicle
egins to move from the center of the oocyte to a point near
he oocyte surface. After the oocyte attains a diameter of
00 mm, the ratio of the relative rate of the germinal vesicle
rowth increases with respect to oocyte diameter (Fig. 2).
ne of the last events in oocyte development is the laying
own of the red pigment at the animal pole (Fig. 3A). There
oes not appear to be any contact between the full-grown
ocyte and the follicle cells that surround it.
Oocyte maturation is induced by removing oocytes,
ith their covering of follicle cells, from the ovary. A
umber of changes in oocytes occur during maturation.
1) Follicle cells retract and form a ball at a point on the
ocyte surface that is then sloughed off. (2) The germinal
esicle breaks down and a meiotic apparatus forms. (3)
oncomitant with germinal vesicle breakdown, the ring
f red pigment at the site of the germinal vesicle on the
gg surface forms a disc with a small white dot in its
enter that corresponds to the meiotic apparatus. Subse-
te diameter. These data were taken from 2-mm serial sections of a
nd oocyte for a given oocyte was measured.uently the disc of pigment spreads so that it partially
overs the animal hemisphere of the egg. This movement
s of reproduction in any form reserved.
ntle
s to t
223Crania Regional Specificationoccurs independent of whether or not the egg is fertilized.
(4) Most of the cortical granules at the egg periphery
disappear (compare Figs. 1A and 1D).
The process of oocyte maturation is mediated by the
follicle cells that surround the oocyte. This can be demon-
strated by removing the follicle cells with Ca-free seawater
from oocytes at different times after the ovary has been
macerated, returning the oocytes to seawater, and monitor-
ing germinal vesicle breakdown. The results of a typical
experiment are presented in Table 1. In this experiment
follicle cell retraction began about the time germinal
vesicle breakdown occurred. If follicle cells are removed
from oocytes prior to a critical period 1–2 h before germinal
vesicle breakdown, the process is inhibited; if follicle cells
are removed after this period germinal vesicle breakdown
occurs on schedule. These experiments suggest that the
FIG. 3. Whole mounts of oocytes, embryos, and larvae. (A) Latera
red pigment at the animal pole. (B) Fertilized egg with polar body
Eight-cell embryo. (F) Sixteen-cell embryo. (G) Polar view of blast
animal pole is up. (J) Lateral view of late gastrula; the dorsal side is
gastrula showing the posterior blastopore to the left and the forming
is up and the apical lobe (AL) is to the right. The setae of the ma
histochemical reaction for alkaline phosphatase. The apical lobe i
indicates 50 mm.follicle cells make some kind of a factor that mediates the
process of oocyte maturation.
Copyright © 2000 by Academic Press. All rightFertilization and Embryogenesis
Immediately after sperm addition a fertilization mem-
brane lifts off the egg surface. The first polar body forms
15–20 min later (Fig. 3B) and the second polar body forms at
60 min. The first cleavage begins about 120 min after
fertilization. The first two cleavages are equal (Figs. 3C and
3D); both cleavage planes bisect the pole of eggs with red
pigment. The third cleavage is slightly unequal; in eggs
with red pigment, there are four pigmented cells which
form a tier that is slightly smaller than the cells that make
up the unpigmented tier (Fig. 3E). During the fourth cleav-
age the spindles in the cells of the two tiers are oriented 90°
from each other in a plane perpendicular to the animal–
vegetal axis of the embryo. Nielsen (1991) shows one cell
arrangement that occurs as a consequence of this division
in which the two tiers of eight cells are oriented at right
of an oocyte photographed through a green filter to visualize the
ow). (C) Two-cell embryo. (D) Polar view of four-cell embryo. (E)
(H) Lateral view of blastula. (I) Lateral view of early gastrula; the
nd the forming apical lobe is to the right. (K) Ventral view of late
al lobe to the right. (L) Lateral view of 3.5-day larva; the dorsal side
lobe (ML) are extended. (M) Dorsal view of 3.5-day larva showing
he right. All photographs are at the same magnification. The barl view
(arr
ula.
up a
apicangles to each other along this axis (his Fig. 1D). In most
cases that I have observed, in pigmented embryos a circle of
s of reproduction in any form reserved.
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224 Gary Freemaneight pigmented cells was directly above and in register
with a second circle of unpigmented cells (Fig. 3F). Follow-
ing early cleavage a hollow blastula which has the form of
a sphere flattened at both poles is generated (Figs. 3G and
3H). The cells of the blastula form a columnar epithelium
with large vesicles at the apical surface; this region is
followed by a nucleus and yolk granules (Fig. 1E). Each cell
of the blastula forms a cilium by 15–16 h after fertilization.
Following the blastula stage a new set of cortical granules
appears at the apical surface of the cell and the large vesicles
disappear.
Gastrulation begins about 27 h after fertilization and
occurs by invagination from the flattened base of the
blastula. During gastrulation the blastocoel is obliterated
(Figs. 1F and 1G), and the embryo elongates along its future
anterior–posterior axis. Following gastrulation a number of
changes take place in the external morphology of the
embryo so that by 36 h it swims with its anterior end in
front. At the same time the anterior end of the embryo
expands while the posterior end of the embryo flattens
slightly along its future dorsal–ventral axis and the blas-
topore shifts from a posterior to a subposterior ventral
position (Figs. 3J and 3K). While these events are taking
place the mesoderm forms. My interpretation of mesoderm
formation differs from Nielsen’s (1991) account. According
to Nielsen, the sheet of cells that invaginates during gas-
trulation is composed of two cell populations: endoderm
and mesoderm. The endoderm invaginates first and is
composed of cells with light staining cytoplasm. The me-
soderm cells are dark staining and invaginate later. Subse-
quently the mesoderm cell sheet separates from the
endoderm cell sheet at their zone of contact and expands
anteriorly between the ectoderm and endoderm. Nielsen’s
interpretation is summarized in Figs. 4A and 4B. These two
populations of cells should be present in different parts of
the invaginating cell sheet (Fig. 1F); I cannot distinguish
them. At 40 h after fertilization, when a mesoderm cell
sheet is supposed to be present between the ectoderm and
TABLE 1
The Effect of Follicle Cells on Oocyte Maturation
Time
follicle
cells
removed (h)
Germinal vesic
0 1 2 3
Control 0/16 0/18 0/19 0/16
0–1 0/18 0/15 0/16
2–3 0/16
3–4
4–5
5–6
6–7the endoderm, I have observed only scattered mesodermal
cells and not a cell sheet (Figs. 1H and 1I). At this stage the
Copyright © 2000 by Academic Press. All rightctodermal cells each have a basal region with yolk gran-
les while the invaginated endodermal cells have a compa-
able region with yolk granules. These two basal regions
but each other and isolated mesodermal cells appear be-
ween these two regions. I think that it is probable that
ndividual cells leave the endodermal cell layer after invagi-
ation is completed and generate the mesodermal layer
eakdown as a function of time (h)
5 6 7 8 12
5 0/18 0/15 5/16 17/17
7 0/15 0/15 0/18 0/20 0/20
5 0/19 0/19 0/18 0/16 0/16
6 0/16 0/17 0/15 0/18 0/18
0/17 0/16 0/16 0/18 0/18
0/18 3/15 5/15 17/17
8/15 16/16 19/19
FIG. 4. Diagram comparing Nielsen’s interpretation of mesoderm
formation during gastrulation (A, B) (based on Nielsen, 1991, Figs.
18A and 18B) and the interpretation presented here (C, D). The
endoderm of the inner cell layer is indicated by stippling while the
white region indicates mesoderm. A and C show an early stage of
gastrulation just after invagination has been completed prior to the
segregation of endoderm and mesoderm. B and D show a later stage
of gastrulation after the segregation of the germ layers. In B the
mesoderm is spreading between the ectoderm and the endoderm. Inle br
4
0/1
0/1
0/1
0/1D the mesoderm has ingressed from multiple sites in the endoder-
mal layer into the space between ectoderm and endoderm.
s of reproduction in any form reserved.
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225Crania Regional Specificationbetween the ectoderm and the endoderm. This interpreta-
tion is presented diagrammatically in Figs. 4C and 4D.
By 55 h of development there is a clear-cut demarcation
between the apical and the mantle lobes of the forming
larva. At this time three pair of ectodermal thickenings
form on the dorsal side of the mantle lobe that will
invaginate just below the ectodermal surface. These regions
subsequently form the setal sacs. At the same time, as
Nielsen has noted, the mesodermal cell layer has formed
three pairs of coelomic cavities between the dorsal ecto-
derm and the endoderm (Fig. 1J).
By 3 days of development a larva composed of an apical
and a mantle lobe has formed (Fig. 3L). The apical lobe is
more or less spherical and is made up of columnar ciliated
cells. Endoderm and mesoderm extend into the apical lobe
(Fig. 1K). In larvae from eggs with red pigment, this is the
only pigmented region of the larva. Nielsen (1991) reports
that the apical lobe has a pair of reddish anterior-lateral
pigment spots; I did not see them. The apical lobe functions
as a locomotory organ for the larva. The ectoderm of the
mantle lobe is composed of three domains. In the center of
the dorsal region the ectodermal cells are columnar and
have lost their cilia (Fig. 1L). This domain of cells will
participate in the formation of the mantle that will secrete
the shell after metamorphosis of the larva. Three pair of
setal sacs are arranged with one member of each pair on the
left and right sides of the dorsal midline. The multiple setae
that emerge from the setal sacs are diagnostic markers of
dorsal lateral ectoderm. The ectoderm in other regions of
the mantle lobe is cuboidal and ciliated. By this stage of
development the blastopore, which was in the posterior-
ventral region, has been obliterated. The endoderm has
formed a solid cord of cells. Endoderm can be identified in
sections (Figs. 1K and 1L); endodermal differentiation can
also be monitored by enzyme histochemistry for alkaline
phosphatase (Fig. 3M). There is no alkaline phosphatase
activity in the larva at 60 h of development; by 72 h of
development the entire endodermal region is alkaline phos-
phatase positive; there is no other region of the larva that is
alkaline phosphatase positive. The endodermal cord is
surrounded by mesoderm; these cells also surround the
setal sacs (Fig. 1L), and the coelomic cavities that were
present have disappeared. The larva is contractile; Nielsen
(1991) has documented the presence of muscle fibers in the
mesodermal cell layer. When the larvae contract, the setae,
which normally lie flat on the dorsal surface pointing
posteriorly, move so that they extend perpendicular to the
body (Fig. 3L). This movement is presumably mediated by
muscle cells. Larval contractility develops between 60 and
70 h of development.
Fate Mapping Studies
Observations on the positions of the germinal vesicle and
the ring of red pigment in full-grown oocytes, the meiotic
apparatus and the red-pigmented region in the unfertilized
egg, and the polar bodies and the red-pigmented region in
i
t
Copyright © 2000 by Academic Press. All righthe fertilized egg indicate that the polar bodies are given
ff in the portion of the egg surface that corresponds to
he surface nearest the site of the germinal vesicle in
arge oocytes. This point was checked by marking the site
n the center of the red circle on the oocyte surface with
ile blue by staining through the follicle cell layer of
reshly prepared oocytes and allowing the oocytes to
ature. Over 90% (28 cases) of these oocytes matured;
hey were then fertilized. In 24 cases polar bodies were
iven off and in every case the Nile blue mark was
oincident with the polar bodies.
After the initiation of cleavage it is difficult to follow
he polar bodies, for this reason they cannot be used as an
nimal pole marker. The red pigment, when it is present,
overs too much area to be useful as an animal pole
arker. However, the animal pole can be marked with
ile blue in the center of the ring of red pigment in the
ocyte, at the site of the meiotic apparatus in the
nfertilized egg, or in the polar bodies in the fertilized but
ncleaved egg. The vegetal pole can be marked at these
tages because it is 180° from the animal pole. The
esults of these experiments are summarized in Fig. 5A.
hen the animal or vegetal pole is marked, the stain
lways ends up at a point along the first cleavage furrow;
fter the second cleavage the stain always ends up at one
f the sites where the first two cleavage furrows inter-
ect. These results indicate that the first two cleavage
urrows go through the animal–vegetal axis of the egg at
ight angles to each other and that the third cleavage
urrow is equatorial. When the 16-cell stage was com-
osed of two tiers, each consisting of 8 cells, either the
op or the bottom tier was stained. When the animal pole
s marked, the region of the embryo opposite the site of
astrulation is stained; this region goes on to form the
pex of the apical lobe of the larva. When the vegetal pole
s marked, the stain will invaginate during gastrulation.
f a large vegetal region is stained, the stain will persist in
he ectoderm around the blastopore during late gastrula-
ion and in the posterior ventral ectoderm of the larva
fter the blastopore has been obliterated.
After the first cleavage, a mark was placed on the surface
f one blastomere farthest from the cleavage furrow. The
esults of these experiments are summarized in Fig. 5B.
hen the 16 cell-stage was composed of two tiers of cells,
he stain was always in a lateral position which straddles
oth tiers. In early gastrulae the mark was midway between
he animal and the vegetal poles. The positions of the
ateral marks were noted in late gastrulae and larvae in
hich the plane of bilateral symmetry is evident. A mark
an have any position around the lateral circumference of
he late gastrula or larva, indicating that there is no rela-
ionship between the plane of the first cleavage and the axis
f bilateral symmetry of the larva. An equatorial mark
nvariably ends up at the boundary between the apical and
he mantle lobe.
s of reproduction in any form reserved.
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226 Gary FreemanRegional Specification during Embryogenesis
The timing of regional specification was studied by
isolating animal, vegetal, and lateral halves from oocytes,
unfertilized eggs, or embryos at different stages and exam-
ining their ability to differentiate (Fig. 6). Every effort was
made to rear both halves of an egg or embryo in order to see
if complementary structures differentiated. The way a half
had differentiated at 31⁄2 to 4 days of development was
ompared to what one would expect for that region given
FIG. 5. Summary of marking experiments that establish the pre
embryo. Row 1 of (A) shows the results of the experiments in wh
unfertilized egg, or fertilized egg after polar body formation. The po
stages. The stages marked and examined are depicted at the top of
and cases that were examined at subsequent developmental stages.
examined at subsequent stages. The third row gives the number o
second row of developmental stages under (A) summarizes the resu
horizontal row gives the number of marked unfertilized eggs and t
second row gives the number of fertilized eggs marked and cases ex
marking experiments were very uniform. (B) The results of making
embryo; 26 cases were marked. These cases were analyzed at the la
distributed among the right lateral, ventral, left lateral, and do
lobe-forming region of late gastrulae.he fate map. Table 2 summarizes these experiments. The
op row of the table lists the different classes of isolates that
d
l
Copyright © 2000 by Academic Press. All rightormed, based on external morphology, and indicates
hether a gut was present, based on alkaline phosphatase
istochemistry or the study of sectioned cases. The first
lass of isolates in the table is a vesicle (1), most of whose
xternal cells lack cilia (Fig. 7A). These cases show a
inimal amount of movement. In the 12 cases in which
hese vesicles have been sectioned, the cells are cuboidal
Fig. 8A). Cases in this category are regarded as undifferen-
iated; they are probably generated as a consequence of
ptive fates of animal, vegetal, and equatorial regions of the early
he animal pole was marked. This site was marked in the oocyte,
ns of these marks were then examined at different developmental
ow. The first horizontal row gives the number of marked oocytes
second row gives the number of unfertilized eggs marked and cases
ilized eggs marked and cases examined at subsequent stages. The
f the experiments in which the vegetal pole was marked. The first
ses that were examined at subsequent developmental stages. The
ed at subsequent stages. The results of the animal and vegetal pole
eral mark farthest from the plane of the first cleavage in a two-cell
strula stage (shown here) and in larvae. The marks were randomly
ectodermal regions at the boundary and just below the apicalsum
ich t
sitio
the r
The
f fert
lts o
he ca
amin
a lat
te gaamage induced by the operation. The apical lobe and apical
obe with setae class (2) are cases that actively locomote via
s of reproduction in any form reserved.
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227Crania Regional Specificationcilia; they are either completely ciliated or completely
ciliated with a few setae at one end (Figs. 7B and 7C).
Eighteen of these cases were sectioned; in every case the
ciliated cells were columnar (Fig. 8B). These cases with an
apical lobe and setae should be regarded as an intermediate
phenotype between only an apical lobe and an apical lobe
and mantle lobe. The next class (3) has an apical lobe and a
mantle lobe. In these cases the apical lobe is separated from
the mantle lobe by a constriction. The apical lobe is
uniformly ciliated, and the larva swims with the apical lobe
in front. Not all regions of the mantle lobe are ciliated and
in most cases the mantle lobe has setae. The lobe is
frequently flattened along its dorsal–ventral axis. The dor-
sal and ventral sides can be distinguished because of the
presence of setae on the dorsal side and cilia on the ventral
side. When these cases were sectioned the apical lobe cells
were columnar and the cells of the mantle were cuboidal
and ciliated or columnar and lacked cilia, setae emerged
from setal sacs (Fig. 8C). The relative sizes of the apical and
FIG. 6. Diagrams illustrating the operations used to create anima
(A) Operations used to create animal and vegetal halves. All develo
ventral view: (1) oocyte; (2) unfertilized egg, marked at animal pole
pole of fertilized egg; (4) blastula marked at animal or vegetal pole
early gastrula marked at animal pole of fertilized egg, 29–30 h afte
fertilized egg, 44–46 h after fertilization. (B) Operations used to cre
our-cell stage embryos with polar view of four-cell embryo (at the
ateral view of blastula marked at the animal or vegetal pole of th
f unfertilized egg, (6) ventral view of late gastrula cut along the
eparating dorsal and ventral halves.mantle lobes could vary (Figs. 7D and 7E). The apical lobe
could be significantly larger than the mantle lobe (AL1sm
Copyright © 2000 by Academic Press. All rightML), both the apical and the mantle lobes could be of
comparable size as they are in a normal larva (AL1ML), or
the apical lobe could be significantly smaller than the
mantle lobe (sm AL1ML). The last class of isolates is
mantle lobe (ML) (4). These cases are partially ciliated;
however, they do not swim well. Setae are present and the
lobe is frequently flattened along its dorsal–ventral axis
(Fig. 7F). Fourteen cases were sectioned. The columnar
ciliated cells typical of the apical lobe were missing, setal
sacs were present, and the rest of the epidermis was either
cuboidal and ciliated or columnar and unciliated (Fig. 8D).
Specification along the animal–vegetal axis. In the first
experiment in this series oocytes with a germinal vesicle
were cut to give animal and vegetal halves. In every case the
animal half of the oocyte had an intact germinal vesicle,
therefore this half inherits more germinal vesicle material
than a normal egg would have. These oocytes were set aside
to monitor germinal vesicle breakdown and those cases in
which breakdown occurred were treated with sperm. Intact
getal, and lateral halves from oogenesis through late gastrulation.
ntal stages are shown in lateral view except 6, which is shown in
ight-cell stage, 4 h after fertilization, marked at animal or vegetal
rtilized egg, 15–16 h after fertilization just as cilia are forming; (5)
tilization; (6) late gastrula, unmarked or marked at animal pole of
teral halves: (2) lateral view of unfertilized egg, (3 and 39) two- and
-cell stage the cut was along the plane of the second cleavage), (4)
ilized egg, (5) lateral view of early gastrula marked at animal pole
of bilateral symmetry, (69) lateral view of late gastrula with cutl, ve
pme
; (3) e
of fe
r fer
ate la
four
e ferteggs from the same females that had also matured were
fertilized with the same sperm concentration at the same
s of reproduction in any form reserved.
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228 Gary Freemantime. Only 24 of 103 animal halves cleaved and none of the
vegetal halves cleaved, while over 90% of the intact eggs
cleaved. Presumably the vegetal halves did not cleave
because they lacked germinal vesicle material (Yatsu,
1905). The lower percentage of animal halves that cleaved
compared to intact eggs probably reflected damage that
these oocytes sustained when they were cut. The animal
halves that differentiated formed either an apical lobe or an
apical and a mantle lobe. When a mantle lobe formed it was
proportionately smaller than the apical lobe in a little over
half of the cases. Only one or two rows of setae were present
and the lobe appeared to be truncated posteriorly. All of the
cases that formed an apical and a mantle lobe appeared to
gastrulate. Three of these cases were sectioned and one case
was assayed for alkaline phosphatase. In all three cases gut
tissue and mesenchymal cells were present (Figs. 7D and
8E). One of the cases that formed only apical lobe was
sectioned and three cases were assayed for alkaline phos-
phatase; none of these cases showed any indication of gut
differentiation. The sectioned case showed no indication of
mesenchyme formation.
In the next set of experiments eggs in which the germinal
vesicle had broken down were cut into animal and vegetal
halves and the halves fertilized. In 39% of these cases both
halves cleaved and in 42% of the cases one of the halves
(animal or vegetal) cleaved. At the same time matured
TABLE 2
Differentiation of Half-Embryos Isolated at Different Developmen
Kind of
isolate
Developmental
stage
No. of
cases
Died
early
develop.
1 2
Vesicle AL
Animal Oocyte 24 8 3 6
Unfertilized 36 5 9 22
8-cell 26 3 6 17
Blastula 18 3 12
Early gastrula 19 4
Late gastrula 19 8
Vegetal Unfertilized 32 6 10
8-cell 31 2
Blastula 18 1
Early gastrula 16
Late gastrula 20
Lateral Unfertilized 55 9 6
2 1 4 cell 55 3 5
Blastula 38 5
Early gastrula 45 1
Bilateral Late gastrula 34
Dorsal Late gastrula 22 1
Ventral Late gastrula 17 1intact eggs from the same females were fertilized using the
same sperm concentrations; over 90% of these eggs cleaved.
f
a
Copyright © 2000 by Academic Press. All righthe animal halves gave off polar bodies at a point on their
urface farthest from the site of the cut. The animal halves
hat cleaved were diploid while the vegetal halves were
resumably haploid. Both animal and vegetal halves initi-
ted cleavage at the same time after fertilization. All of the
nimal halves that differentiated formed only an apical
obe. None of these cases that were checked had a gut (0/8
ases alkaline phosphatase positive; 0/4 sectioned cases had
gut, these cases also lacked mesenchymal cells). All of the
solates from vegetal halves that differentiated formed an
pical lobe and a mantle lobe or only a mantle lobe. None of
he animal halves showed any indication of gastrulating;
owever, most of the vegetal halves gastrulated, the only
xceptions were the cases that formed vesicles. Every
egetal half that formed an apical and mantle lobe or only a
antle lobe which was also examined for gut differentia-
ion was positive (3/3 alkaline phosphatase positive, 4/4
ectioned). All of these sectioned cases had mesenchymal
ells in addition to a gut. Two of the vegetal halves that
ormed a vesicle were also examined for gut differentiation;
oth were negative. Both of the cases that were sectioned
lso lacked mesenchymal cells.
A comparison of the differentiation patterns of animal
alves from oocytes versus those from eggs after germinal
esicle breakdown indicated that both sets of animal halves
an differentiate an apical lobe, which normally originates
ages
3 4
Alk.
phos. Sectioned
AL 1
sm ML
AL 1
ML
AL 1
ML no
setae
Sm
AL 1
ML ML
2 3 1/4 3/6
0/8 0/5
0/7 0/5
1 0/4 0/6
3/6 4/4
6 5/6 6/6
12 3 1 3/4 4/5
4 22 3 6/6 8/8
4 10 3 4/4 5/6
1 10 5 6/6 5/5
12 8 6/6 6/6
34 1 5 7/7
42 4 1 2/2 1/1
2 20 11 4/4 4/4
33 11 14/
14
6/6
1 32 1 6/6 6/6
1 18 1 1 3/3 5/5
2 13 1 3/3 5/5tal St
AL 1
setae
2
2
15
5rom the animal pole of the egg. In addition at least some
nimal halves from oocytes have the capacity to differenti-
s of reproduction in any form reserved.
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229Crania Regional Specificationate mantle lobe, gut, and mesenchymal cells, structures
that normally originate from the vegetal region of the egg.
The ability of the animal half to differentiate these struc-
tures disappears following germinal vesicle breakdown.
These experiments also show that vegetal halves from eggs
after germinal vesicle breakdown are capable of forming an
apical lobe, a region that normally originates from the
animal pole of the embryo.
In the last set of experiments, embryos from the eight-cell
to the late gastrula stage were cut into animal and vegetal
halves. The animal halves isolated at the eight-cell and
blastula stages formed an apical lobe or, in one case, an
apical lobe and a small mantle lobe. These isolates showed
no indication of gastrulating and there was no indication of
a gut or mesenchymal cell differentiation in the cases that
were assayed for alkaline phosphatase or sectioned. These
cases included one case that formed an apical lobe with
setae and another isolate that formed an apical lobe and a
small mantle lobe with setae that were sectioned (Fig. 8F).
These cases suggest that endoderm and mesoderm are not
necessary for setal and mantle lobe differentiation. Once
the early gastrula stage had been attained most of the
animal halves that were assayed had alkaline phosphatase-
positive cells and all of the cases that were sectioned had
FIG. 7. Whole mounts of isolated halves that developed from oo
matured unfertilized oocyte that was subsequently fertilized. (B) A
and small mantle lobe with setae from the animal half of a blastula
negative. (D) Apical lobe and small mantle lobe stained for alkalin
germinal vesicle that was subsequently matured and fertilized. (E)
an eight-cell embryo stained for alkaline phosphatase. In C–E anteri
stained for alkaline phosphatase. (G) Dorsal (left) and ventral (right
the dorsal isolate. (H) Pair of bilateral halves from a late gastrula. N
halves from a four-cell embryo showing setae on each side of each la
The bar indicates 50 mm.both gut and mesenchymal cells. The frequency of setae
and mantle tissue increased in these isolates from older
d
w
Copyright © 2000 by Academic Press. All rightevelopmental stages. The vegetal halves from the eight-
ell and blastula stages gastrulated and isolates of all stages
hat were assayed formed gut and mesenchymal cells.
here was a shift in the frequency of the relative sizes of
ifferent larval regions that formed from vegetal halves
solated at different stages of development (Table 3). Most
f the vegetal halves isolated from eggs in which the
erminal vesicle had broken down formed normally propor-
ioned apical and mantle lobes, while isolates from late
astrulae formed relatively small apical lobes or consisted
f only a mantle lobe.
The best way to assess the ability of animal and vegetal
alves to regulate is by comparing the differentiation of
airs of halves from the same embryo at different develop-
ental stages (Fig. 9). There were a number of pairs from
nfertilized eggs and eight-cell and blastula stage embryos
n which the animal half formed an apical lobe and the
egetal half formed a normally proportioned apical and
antle lobe. This shows that young vegetal halves can
egulate by forming an apical lobe. C. anomala larvae have
maximum of three pair of setal sacs on their mantle lobe.
t the blastula stage animal halves began forming an apical
obe with setae or an apical lobe and a small mantle lobe
ith a pair of setal sacs. If an apical lobe from an animal half
and embryos. (A) Vesicle lacking cilia from the animal half of a
lobe from the animal half of an eight-cell embryo. (C) Apical lobe
ed for alkaline phosphatase. The specimen is alkaline phosphatase
osphatase (bright region) from the animal half of an oocyte with a
l apical lobe and normal-sized mantle lobe from the vegetal half of
to the left. (F) Mantle lobe from the vegetal half of an early gastrula
of halves from a late gastrula. Note the presence of setae on only
e presence of setae on only one side of each larva. (I) Pair of lateral
n H–I anterior is up. All photographs are at the same magnification.cytes
pical
stain
e ph
Smal
or is
) pair
ote thid not form setae, a maximum of three pairs of setal sacs
as observed in the mantle lobe that differentiated from its
s of reproduction in any form reserved.
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230 Gary Freemanpaired vegetal half. If the apical lobe formed setae or a small
mantle lobe with setae, a maximum of two pairs of setal
sacs was observed in the mantle lobe that differentiated
from its paired vegetal half. This result suggests that the
mantle region cannot regulate.
Specification of the dorsoventral axis. In this set of
experiments eggs or embryos at different developmental
stages were cut into lateral halves along their animal–
vegetal axis and the differentiation of the halves was
assayed in order to establish when during development the
dorsal and ventral regions of the mantle lobe are specified.
These experiments also served as a control for the previous
FIG. 8. Sections through isolated halves that developed from ooc
eight-cell embryo. (B) Apical lobe from the animal half of an eight-
Apical and mantle lobe from the vegetal half of an eight-cell embr
the arrow. (D) Mantle lobe from the vegetal half of an early gastr
surrounded with mesenchyme cells. (E) Apical and mantle lobe, bot
a germinal vesicle that was subsequently matured and fertilized. A
half of a blastula with an apical lobe and setae that lacks endo
mesenchyme cells do not surround the sac. All photographs are at
ABLE 3
ercentage of Vegetal Isolates with Differing Larval Morphologies
s a Function of Developmental Stage
Developmental stage AL 1 ML sm AL 1 ML ML
Unfertilized 75 19 6
Eight cells 14 76 10
Blastula 24 59 18
Early gastrula 6 63 31 w
b
Late gastrula 0 60 40
Copyright © 2000 by Academic Press. All rightet of experiments involving regional specification along
he animal–vegetal axis of the egg because the lateral halves
solate regions with a different set of presumptive fates;
herefore one expects them to differentiate in a different
anner. No attempt was made to make lateral cuts through
ocytes, because it was not possible to make this kind of
ut without bisecting the germinal vesicle. This made it
ifficult to assay for germinal vesicle breakdown. The small
umber of lateral cases that began to cleave did not develop
ast late cleavage, most probably because of aneuploidy.
In the first experiment, eggs in which the germinal
esicle had broken down were cut into lateral halves and
he halves were fertilized. In 44% of the cases both halves
leaved and in 33% of the cases one half cleaved. In those
ases in which both halves cleaved one half was presumably
iploid while the other half was presumably haploid. In the
econd experiment two- or four-cell embryos were cut into
ateral halves. In these experiments and in subsequent
xperiments involving blastula and early gastrula stages,
he cut generating the lateral halves was presumably made
t random with reference to the future axis of bilateral
ymmetry. At the unfertilized egg and two- or four-cell
tages most of the halves gastrulated and formed larvae
and embryos. (A) Vesicle lacking cilia from an animal half of an
mbryo. Note the lack of endoderm and mesoderm in A and B. (C)
nterior is to the left and dorsal is up. The setal sac is indicated by
Dorsal is to the left. The arrows indicate the setal sacs; they are
h endoderm and mesoderm from the animal half of an oocyte with
or is to the left and dorsal is up. (F1–2) Sections through an animal
and mesoderm. The setal sac is indicated by the arrow in F2;
same magnification. The bar indicates 50 mm.ytes
cell e
yo. A
ula.
h wit
nteriith normally proportioned apical and mantle lobes. When
oth members of a pair developed, in most cases both
s of reproduction in any form reserved.
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231Crania Regional Specificationhalves formed an apical lobe and a mantle lobe with setae
(Fig. 9). Only one of the cases that formed a mantle lobe
failed to form setae. There was no difference in the devel-
opment of halves that were isolated at the four-cell stage
FIG. 9. Matrices showing how complementary halves from the sa
later developmental stages. The left column gives the results for c
results for complementary lateral halves. Prior to the late gastrula
gastrula stage the plane of bilateral symmetry is evident and bisec
an, animal half; veg, vegetal half; dor, dorsal half; vent, ventral half;
mantle lobe; ves, vesicle.when the cut was made along the first versus the second
cleavage plane.
O
g
Copyright © 2000 by Academic Press. All rightAfter dorsoventral specification has occurred, one would
xpect that an isolated dorsal half would form a mantle lobe
ith setae as predicted by the fate map, while an isolated
entral half would form a mantle lobe that lacked setae.
mbryo differentiated when embryos were bisected at progressively
lementary animal and vegetal halves. The right column gives the
it is not possible to predict the plane of the lateral cut; by the late
were made along this plane or perpendicular to it. Abbreviations:
pical lobe; smAL, small apical lobe; ML, mantle lobe; smML, smallme e
omp
stage
tionsne would also predict that when bilateral halves are
enerated after dorsoventral specification, the mantle lobe
s of reproduction in any form reserved.
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232 Gary Freemanformed by each half would differentiate setae because each
half contains part of the presumptive dorsal mantle lobe
region. This expectation was borne out in experiments on
late gastrula stage embryos in which the presumptive dorsal
and ventral regions can be identified. When dorsal and
ventral halves are isolated from the late gastrula, in most
cases the dorsal halves went on to form an apical lobe and
a mantle lobe with setae, while in most cases the ventral
halves formed an apical lobe and a mantle lobe that lacked
setae (Fig. 7G). In both cases, when the ventral half formed
setae, only one set of setae formed at the posterior end of
the mantle lobe. When halves were created by making a cut
along the plane of bilateral symmetry at the late gastrula
stage, in most cases both halves of a pair formed an apical
lobe and a mantle lobe with setae.
At the blastula and gastrula stages, almost all of the
lateral halves differentiated normally proportioned apical
and mantle lobes. In the majority of cases the mantle lobes
had setae; however, in 25–35% of the cases setae were
absent. In those cases in which both members of a pair
developed, the ratio of pairs in which both halves formed an
apical lobe and a mantle lobe with setae to pairs in which
one half had an apical lobe and a mantle lobe with setae
while the other half had an apical lobe and a mantle lobe
FIG. 10. The spatial distribution of setae in complementary halves
evelopmental stages. The bisections of late gastrula stage embryo
ifferent complementary halves are shown in 1–5; all of the larv
omplement of setae, while in 5 the left side of one larva has a
omplementary row of three setal sacs; 2–4 show intermediate setthat lacked setae was close to what one would expect for a
situation in which the dorsoventral axis had been deter-
c
f
Copyright © 2000 by Academic Press. All rightined and the cuts that generated the halves either went
hrough the axis of bilateral symmetry or separated dorsal
nd ventral halves (a 1:1 ratio). This would place the timing
f dorsoventral axis formation somewhere between the
wo- to four-cell and the blastula stages of development.
Another way to find out when the plane of bilateral
ymmetry is established is to examine larvae for asymme-
ries following the lateral bisection of embryos at different
tages of development. In normal larvae three pairs of setal
acs are arranged with a member of each pair on the left and
ight sides of the dorsal midline of the mantle lobe. The
istribution of setae in pairs of halves in which both
embers of the pair formed setae following a lateral cut at
ifferent stages is indicated in Fig. 10. At the late gastrula
tage, when a cut is made along the plane of bilateral
ymmetry, one member of the pair formed a row of setae on
ts right side while the other member formed a row of setae
n its left side (Fig. 7H). At earlier developmental stages it
as not possible to predict the plane of bilateral symmetry.
t the blastula and early gastrula stages half of the pairs
ifferentiate so that each member had a bilateral distribu-
ion of setae (Fig. 7I), while in the other half of the pairs, one
ember had a row of setae on the right side and the other
ember had a row of setae on the left side. When a lateral
rvae from the same embryo bisected laterally at progressively later
e along the plane of bilateral symmetry The setal arrangements in
e viewed from their dorsal surface. In 1 each half has a bilateral
of three setal sacs while the right side of the other half has a
rangements.of la
s wer
ae arut was made at the unfertilized egg and at the two- to
our-cell stage of development, in almost all cases a bilat-
s of reproduction in any form reserved.
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233Crania Regional Specificationeral distribution of setae was present in each member of the
pair. This assay suggests that between the two- to four-cell
stage and the blastula stage the plane of bilateral symmetry
is set up but that some regulation can take place.
DISCUSSION
Development of Crania
The sex ratio is approximately 1:1 in Crania as it is in
other dioecious brachiopods (Chuang, 1992). The process of
oogenesis appears to occur in much the same way in Crania
as it does in other subphyla of brachiopods (Chuang, 1983;
James et al., 1991). One feature that appears to be unique to
the oocytes of Crania are the lamellar structures around the
nucleus of small oocytes. These structures may correspond
to the annulate lamellae seen in oocytes of many animals
(Kessel, 1985). An ultrastructural study would be needed in
order to make this point. In Terebratulina retusa accessory
cells occupy the space between the oocyte and the follicle
cells during oogenesis (James et al., 1991); these cells have
not been observed in Crania. It has not been possible to
relate the animal–vegetal polarity of the full-grown oocyte
in Crania to the position of the early oocyte on the genital
lamella of the ovary. By the time the germinal vesicle
begins to take up an asymmetric position in the oocyte the
connection between the oocyte and the genital lamella has
been lost. The only cytological marker of animal–vegetal
polarity in addition to the position of the germinal vesicle
in full-grown oocytes is the pigmented ring at the animal
pole. It is not clear to what extent pigment ring position is
independent of germinal vesicle position.
Oocyte maturation in Crania depends on the activities of
follicle cells. This relationship has been demonstrated in
other species of brachiopods (Freeman, 1994; Stricker and
Folsom, 1997). Stricker and Folsom have argued that in
Terebratalia maturation is mediated by a junctional com-
plex that forms between microvilli of follicle cells and the
oocyte surface. This kind of mechanism may operate in
Terebratalia; however, it is clear that in other species in
which this complex may be present it is not necessary for
maturation (Freeman, 1994) and in Crania this complex
does not exist in full-grown oocytes, but oocytes still
depend on the activities of follicle cells in order to mature.
I suspect that follicle cells produce a hormone that medi-
ates maturation which may function independent of junc-
tional complexes.
In Crania, cortical granules disappear during oocyte
maturation; the raising of the envelope around the egg at
fertilization does not appear to be related to cortical granule
breakdown. In linguliform brachiopods cortical granules
disappear during fertilization (Chuang, 1990; Freeman,
1999) while in rhynchonelliform brachiopods there is no
breakdown of cortical granules during either oocyte matu-
ration or fertilization (Long, 1964).The process of embryogenesis occurs essentially as
Nielsen has described it. His model of mesoderm formation i
Copyright © 2000 by Academic Press. All righturing gastrulation and the alternative model proposed here
an be tested by injecting a fixable tracer into one or more
ells at the vegetal pole of the gastrula stage embryo. These
ells should form the anterior part of the endodermal mass
uring gastrulation. If the model for mesoderm formation
resented here is correct, one would expect some of the
njected cells to form mesoderm by late gastrulation; if
ielsen’s model is correct none of the cells should form
esoderm. According to Nielsen’s model one would expect
nly the last cells to invaginate during gastrulation to form
esoderm.
Following individuation of the mesodermal cell layer,
ielsen argues that these cells form an anterior coelomic
ouch in the apical lobe and three pairs of coelomic pouches
n the mantle lobe. The development of the mantle lobe
oelomic pouches is associated with the invagination of the
etal sacs, and muscle that forms in the mesoderm associ-
ted with the sacs causes the setae to move. I am not
onvinced that an anterior coelomic pouch exists. The
oeloms associated with the developing setal sacs appear to
e transitory structures. A coelom develops in these ani-
als after the larvae undergo metamorphosis. More work
eeds to be done on the relationship between the adult
oelom and the coeloms of the larva.
The main purpose of this investigation was to map the
rocess of regional specification during embryogenesis by
omparing how a given region differentiated when it was
solated at different developmental stages with reference to
hat one would expect that region to form, given the fate
ap of the embryo. The fate map indicates that the animal
alf of the early embryo forms the epithelium of the apical
obe. When this region is isolated from an oocyte prior to
erminal vesicle breakdown, half of the cases form the
pithelium of the apical lobe and the other half of the cases
astrulate and form a larva with a truncated mantle lobe
ith endoderm and mesoderm, two germ layers that would
ormally form from the vegetal region of the early embryo.
hen an animal half is isolated from an oocyte following
erminal vesicle breakdown or at the eight-cell stage of
evelopment it forms only the epithelium of the apical
obe. I have interpreted this change in the pattern of
nimal-half differentiation by arguing that prior to germinal
esicle breakdown the cytoplasmic factors that play a role
n biasing endodermal and mesodermal differentiation have
more animal distribution and that events associated with
erminal vesicle breakdown cause these factors to be trans-
ocated to the vegetal pole of the embryo. This transloca-
ion event may be associated with the spread of the pigment
ap at the animal pole of the embryo that occurs after
erminal vesicle breakdown. Cytoplasmic reorganization
vents occurring during oocyte maturation and/or fertiliza-
ion that are associated with changes in the developmental
otential of given regions of the oocyte or embryo have been
ocumented in representatives of a number of animal phyla
Davidson, 1986).Beginning at the blastula stage a small proportion of the
solated animal halves form setae. At the early and late
s of reproduction in any form reserved.
234 Gary Freemangastrula stages the proportion of isolated animal halves that
form setae increases substantially. This increase in the
percentage of cases that form setae may reflect the influ-
ence of an inductive signal from the vegetal half that acts on
the animal half as a function of time to promote mantle
lobe differentiation, or in the case of animal halves isolated
at the gastrula stages, it may reflect the presence of
endoderm and mesoderm which may act locally to promote
setae differentiation.
The vegetal pole of the egg becomes the site of gastrula-
tion; subsequently this region becomes the posterior ven-
tral region of the larva and the anus after metamorphosis of
the larva (Nielsen, 1991). In most cases vegetal halves
isolated from unfertilized eggs gastrulated and formed nor-
mally proportioned larvae with endoderm and mesoderm.
Beginning at the eight-cell stage there is a marked decrease
followed by a slower decrease in the percentage of cases that
form a normally proportioned apical lobe and a correspond-
ing increase in the percentage of cases that form either a
small apical lobe or no apical lobe. The initial decline in the
ability of vegetal halves to form a normally proportioned
apical lobe between the unfertilized egg and the eight-cell
stage may be caused by a change in the distribution of
factors that lead to the formation of an apical lobe. These
factors may be present in the vegetal region of the unfertil-
ized egg in addition to the animal region of these eggs;
following fertilization there may be a translocation of these
factors out of the vegetal region of the egg or some kind of
an alteration of these factors so that the active factor is
found only in the animal region of the embryo. The slower
decline in the percentage of cases that form a normally
proportioned apical lobe when vegetal halves are isolated at
later stages presumably reflects commitment events that
make it more difficult for the most anterior region of the
vegetal half, which would normally form the boundary
between the apical and the mantle lobes, to regulate by
forming a normally proportioned apical lobe.
During embryogenesis in Crania I have not discovered a
way to predict the placement of the plane of bilateral
symmetry until it is anatomically evident at the late
gastrula stage of development. However, by comparing the
morphology of pairs of lateral halves from the same embryo,
isolated at different stages of development, it is possible to
estimate when this axis is set up. Two kinds of analyses
have been used to estimate when the plane of bilateral
symmetry is specified. In one measurement the first appear-
ance of a significant number of pairs of halves in which one
half formed setae and the other half lacked setae was noted;
in the other measurement the first appearance of a signifi-
cant number of cases in which each member of the pair had
a complementary set of setae was noted. Both sets of
measurements placed the establishment of the plane of
bilateral symmetry somewhere between the two- to four-
cell and the blastula stage of development, a relatively early
determinative event.
Copyright © 2000 by Academic Press. All rightThe Comparative Developmental Biology of
Linguliform, Phoronidiform, and Craniiform
Brachiopods
Recent cladistic and molecular studies have divided the
phylum Brachiopoda into four subphyla: Linguliformea,
Phoronidiformea, Craniiformea, and Rhynchonelliformea
(Williams et al.,1996; Cohen et al., 1998). The molecular
phylogenetic studies of Cohen and co-workers indicate that
the Linguliformea, Phoronidiformea, and Craniformea had
a common evolutionary origin. The Rhynchonelliformea
evolved from the nodal ancestor that gave rise to this group
(Fig. 11). The Linguliformea include extant species in two
families, the Lingulidae and the Discinidae; the fossil
record indicates that the lineages that produced these
families appeared during the lower Cambrian (Holmer and
Popov, 1996). Extant species are found only in one family of
the Craniformea, the Craniidae; this family presumably
originated from the Craniopsidae, which first appeared in
the fossil record during the lower Cambrian (Popov et al.,
1996). Phoronids lack a fossil record; however, molecular
clock estimates suggest that this group, the Linguliformea,
and the Craniiformea probably diverged from each other at
roughly the same time (Cohen et al., 1998). The morphol-
ogy of phoronids is so different from that of brachiopods
that these two groups have been placed in different phyla;
however, some aspects of the early development of pho-
ronids closely resemble the embryology of rhynchonelli-
form brachiopods (Conklin, 1902; Freeman, 1993).
The larvae of Discinisca, Glottidia, and Phoronis are
planktotrophic, while the larvae of Crania are lecithotro-
phic. Paleontological evidence, based on the size of the shell
formed by the larval mantle at the apex of the adult shell,
indicates that during the Paleozoic era, the Craniidae had
planktotrophic larvae. During the upper Jurassic period,
FIG. 11. Subphylum level maximum-likelihood tree for the Bra-
chiopoda based on the alignment of complete small subunit se-
quences for nuclear rDNA (based on Fig. 187 in Cohen and
Gawthrop, 1997).genera with lecithotrophic larvae appeared; however, there
were still some members of the family with planktotrophic
s of reproduction in any form reserved.
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235Crania Regional Specificationlarvae during the middle Tertiary (Freeman and Lundelius,
1999). The larvae of Discinisca, Glottidia, and Crania are
essentially miniature adults. At the end of embryogenesis
each of these larvae consists of two lobes: an apical and a
mantle lobe. These structures are homologous across these
three groups. The actinotroch larva of phoronids, while
distinct in many ways from brachiopod larvae, is also
composed of two lobes: an epistome and a mesosome. The
epistome is in a similar position (anterior) and functions in
locomotion and feeding in the same way that the apical lobe
does in brachiopod larvae. In Discinisca, Glottidia, and
Phoronis the larval mouth forms in the posterior, ventral
region of the apical lobe or epistome. The mantle lobe of
these brachiopods and the mesosome of phoronids contains
the better part of the digestive tract. A case can be made
that the epistome of the actinotroch is homologous to the
apical lobe and the mesosome is homologous to the mantle
lobe of the brachiopod larva. During metamorphosis of the
actinotroch many regions of the larva cytolyze, new regions
that began to grow during the larval period assume adult
functions, and there is a change in the axial organization of
the adult with reference to the larva. The transformation of
larval into adult structures in brachiopods has been re-
placed by a metamorphosis mediated largely by set-aside
cells (Davidson et al., 1995) in phoronids.
The embryologies of the linguliforms, Glottidia and
Discinisca (Freeman, 1995, 1999), Phoronis (Freeman, 1991)
and Crania, are compared in Fig. 12 and Table 4. The fate
maps of these embryos are similar in that the vegetal region
of the egg is the site of origination of endoderm and
mesoderm. Crania differs from the other species because
esodermal and endodermal cells appear to be a mixed
opulation rather than adjacent cell populations and the
lastopore becomes the posterior ventral region of the larva
nd future anus rather than the future mouth-forming
egion. The fate maps of these animals also differ because of
he relative positions of the apical lobe and epistome
ctoderm prior to gastrulation. In Glottidia and Discinisca
his region has a lateral position, while in Crania and
horonis it is found in the animal region of the embryo. The
ateral position of the apical ectoderm in Glottidia and
iscinisca puts this region 90° from the blastopore, which
ill become the mouth. In Phoronis an extensive set of
morphogenetic movements that accompany gastrulation
will also place the epistome 90° from the blastopore, which
also becomes the mouth. The same set of morphogenetic
movements occurs in the rhynchonelliform Terebratalia
(Freeman, 1993). When Crania forms a mouth following
metamorphosis, this structure, by virtue of its ventral
position at the junction between the apical and the mantle
lobes, will be 90° from the anterior region of the apical lobe.
Glottidia, Discinisca, and Crania are similar in that there
are no global morphogenetic movements during gastrula-
tion.
The process of regional specification of animal-half ecto-
derm in these embryos occurs at different times and appears
to involve different mechanisms. In Glottidia the animal-
Copyright © 2000 by Academic Press. All righthalf ectoderm forms characteristic apical lobe cilia which
do not appear until the postgastrula stage of development
and mantle epithelium. The ability to form these two
classes of cells depends on an inductive signal from the
vegetal-half of the embryo. Apical lobe cilia are largely
specified by the blastula stage, while the mantle epithelial
cells are not specified until the early gastrula stage of
development. In Discinisca the animal region also forms
pical and mantle lobe epithelium. One feature of the
nimal apical lobe ectoderm is the presence of an apical
uft. When the animal-half ectoderm is isolated early, it
orms a greatly expanded apical tuft and it does not form
etae, a structure formed by the mantle lobe. When the
ame region is isolated at the blastula stage it forms a
ormal-sized apical tuft and a high proportion of cases form
etae, indicating that these two classes of cells depend on an
nductive influence from the vegetal region of the embryo.
nimal halves of Crania isolated from unfertilized eggs
orm a normal apical lobe, indicating that this region does
ot depend on a vegetal signal in order to differentiate. In
horonis the animal half, which normally forms the epithe-
ium of the epistome, will not do so unless it is isolated at
he late gastrula stage, indicating the necessity of long-term
nductive signaling involving the vegetal half of the em-
ryo.
Glottidia vegetal halves from unfertilized eggs through
he blastula stage differentiate to form a normal larva. This
nvolves regulation to form structures normally formed by
he animal half of the embryo. At the early gastrula stage
here is a marked decline in the ability to form structures
erived from the animal half like the dorsal mantle. Vegetal
alves isolated from the eight-cell through the midgastrula
tage of Discinisca form normal larvae; the only structure
hat was consistently missing was the apical tuft of the
pical lobe, which normally forms from the animal pole of
he embryo. In Phoronis the vegetal half of the eight-cell
mbryo forms a normal larva by regulating to form an oral
ood that is normally formed by the animal half of the
mbryo. Vegetal halves isolated from blastula stage em-
ryos did not gastrulate and did not form an oral hood.
hese results suggest that the ability to differentiate an oral
ood is necessary if gastrulation is to take place in the
egetal region of the embryo. Vegetal halves isolated from
nfertilized eggs of Crania behave in yet another way.
egetal halves isolated from unfertilized eggs gastrulate and
orm a normal larva by regulating to form an apical lobe,
hich is normally formed by the animal half of the embryo.
egetal halves isolated from the eight-cell through the
astrula stage gastrulate but form only a mantle lobe or a
ery small apical lobe and a mantle lobe.
The specification of the plane of bilateral symmetry also
akes place in different ways and occurs at different times in
hese four clades. In Glottidia and Discinisca the plane of
the first cleavage predicts the plane of bilateral symmetry
and is correlated with a bilateral blastomere configuration
at the 16-cell stage (Fig. 12B). There is no relationship
between the plane of the first cleavage and the plane of
s of reproduction in any form reserved.
o
a
a
fi
a
t
s
b
a
s
c
1
d
s
l
t
a
r
b
o
m
a
D
w
m
e
a Cran
P pica
236 Gary Freemanbilateral symmetry in Crania and Phoronis. Since the plane
f bilateral symmetry extends along the anterior–posterior
xis of the larva it depends on the establishment of this
xis. In Glottidia the plane of bilateral symmetry is speci-
ed by a cytoplasmic difference along the animal–vegetal
xis of the egg and a lateral cytoplasmic difference related to
he anterior–posterior axis. These differences are probably
et up prior to fertilization. In Discinisca the plane of
ilateral symmetry is specified by cytoplasmic differences
long the animal–vegetal axis of the egg that are probably
FIG. 12. Comparison of the fate maps and selected development
aps of these embryos are projected on uncleaved eggs. In each case
nterior is to the left, and posterior is to the right. (B) Sixteen-cell e
iscinisca) and radial (Crania and Phoronis) blastomere configurati
ith the blastopore (vegetal pole) down. In Glottidia and Discinisc
ap, the future apical lobe will form to the left. In Phoronis m
ctoderm (animal pole region) to the left. While the anterior ectoder
comparable set of morphogenetic movements does not occur in
horonis the apical lobe or oral hood is to the left; in Crania the aet up prior to fertilization and differences in blastomeres
aused by varying contacts with neighboring cells at the
n
r
Copyright © 2000 by Academic Press. All right6-cell stage. In Phoronis the plane of bilateral symmetry is
irectly related to the movement of cells along the dorsal
ide of the future anterior–posterior axis of the larva during
ate gastrulation. In Crania the anterior–posterior axis of
he larva corresponds to the animal–vegetal axis of the egg
nd the plane of bilateral symmetry is then set up with
eference to this radial axis between the four-cell and the
lastula stage of development.
The variety of ways in which regional specification
ccurs within embryos of this group of related animals is
ages for Glottidia, Discinisca, Crania, and Phoronis. (A) The fate
animal pole marked by polar bodies is up, the vegetal pole is down,
yos oriented in the same way as in A. The bilateral (Glottidia and
re shown. (C) Late gastrulae. In each case the embryos are oriented
cause of the lateral placement of the anterior ectoderm in the fate
genetic movements during gastrulation translocate the anterior
s the same initial placement in the Crania and Phoronis fate maps,
ia. (D) Lateral views of early larvae. In Glottidia, Discinisca, and
l lobe is up.al st
the
mbr
ons a
a, be
orpho
m haoteworthy. One possibility is that these different modes of
egional specification came into being when the different
s of reproduction in any form reserved.
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237Crania Regional Specificationmembers of this group emerged and played a role in their
differentiation. A number of authors have argued that
developmental systems were less constrained during the
Cambrian and that their greater combinatorial flexibility
played a role in generating the morphologically diverse
forms that appeared during this period (e.g., Valentine et al.,
996). Another possibility is that the different clades in this
roup underwent regional specification in much the same
ay when they first emerged and that there were major
hanges in the process of regional specification that subse-
uently occurred independent in each clade. However, one
hould note that at least in the case of these brachiopods,
or which a well-documented fossil record exists, each
amily with extant species has had a remarkably stable body
lan since its origin and only one new family has originated
ithin the Linguliformea and Craniiformea since the end of
he Lower Paleozoic (Holmer and Popov, 1996; Popov et al.,
1996).
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